Introduction
Exposure to carcinogens can occur through environmental or work conditions, diet, smoking, and/or endogenous pro cesses. Poly and monocyclic aromatic amines, such as ani line (1), p toluidine (2), 4 aminobiphenyl (4), and 2 amino fluorene (6) (Figure 1 ), belong to the class of chemical carci nogens that form covalently bonded adducts with the DNA double helix. Covalent damage of DNA (by electrophiles) may be the reason for the induction of chemical carcinogen esis. [1] If such DNA damage is not repaired, it might com promise the fidelity of DNA replication, eventually leading to mutations and possibly cancer. [2, 3] Arylamines belong to the group of indirect carcinogens because they require metabolic activation in order to gener ate the so called ultimate carcinogen (Scheme 1). The initial step is a cytochrome P450 catalyzed oxidation of the aryl amine to the corresponding N hydroxylamine. [4] The N hy droxylamine is then esterified to an N acetoxy derivative by N acetyltransferase (NAT) or to a sulfate by a sulfotransfer ase (ST) to give the ultimate carcinogens. Solvolysis of these compounds generates the highly reactive arylnitrenium ion 8.
The predominant reaction of the arylnitrenium ion occurs at the C8 position of 2' deoxyguanosine (dG) and 2' deoxy adenosine (dA), leading to the corresponding adducts 9 a and 9 b as major products. Moreover, N 2 adducts of dG (10) and N 6 ortho arylamine adducts of dA have been identified as minor products. [5, 6] So far, the most extensively studied arylamine adducts have been those derived from 2 aminofluorene (AF) and N acetyl 2 aminofluorene (AAF). [7] Zhou and Romano report ed on the synthesis of C8 deoxyguanosine phosphoramidite reagents of 2 aminofluorene and its N acetyl counterpart for the site specific synthesis of oligonucleotide strands contain ing these C8 adducts. As protecting group for the exocyclic amino function of dG, the Fmoc group was used. [8, 9] Keywords: aromatic amines · cross coupling · DNA adducts · DNA damage · palladium Abstract: C8 Arylamine dG and C8 arylamine dA adducts have been prepared using palladium cross coupling chemistry. These adducts were subsequently con verted into the corresponding 5' O DMTr C8 arylamine 3' O phosphoramidites and then used for the automated synthesis of different site specifically modified oligonucleotides. These "damaged" oligonucleotides have been characterized by ESI MS, UV thermal stability assays, and circular dichroism, and they have been used in EcoRI assays as well as in primer extension studies using various DNA polymerases.
A strategy for obtaining the N acetyl adducts was intro duced by Schärer and Gillet, [10] which involves transient di methoxytrityl (DMTr) protection of the N 2 position of an 8 Br dG derivative. After a palladium catalyzed cross cou pling reaction of 8 Br dG with the arylamine, the products are subsequently acetylated at the N 8 position. In 2005, these authors reported the successful conversion of the N acetylated adducts into the corresponding phosphoramidites (12 steps overall) and their site specific incorporation into oligonucleotides. It was proven that the N 8 acetyl group was not cleaved during the final deprotection. [11] Recently, Rizzo reported the synthesis of oligonucleotides containing C8 adducts of a heterocyclic amine, the dietary mutagen 2 amino 3 methylimidazo[4,5 f]quinoline (IQ). [12] In contrast, our interest is related to DNA adducts of monocyclic aromatic amines that act as so called borderline carcinogens, such as toluidine, dimethylaniline, and anisi dine. [13, 14] In contrast to arylamines such as 4 aminobiphenyl (4), these are often used, for example, as pharmacophores. In 2002, we reported on an efficient synthesis of a phosphor amidite building block for the C8 dG adduct of toluidine. [15] In 2006, we published the synthesis and the site specific in corporation of these C8 arylamine modified dG phosphor amidites into oligonucleotides. [16] Also in 2006, we reported on the first synthesis of C8 dA adducts and their successful conversion into the corresponding phosphoramidites as well as their site specific incorporation into an oligonucleotide. [17] In 2007, we published a simple and efficient route for the synthesis of the C8 N Ac dG adducts and their phosphor amidites, and recently we have developed a synthetic route for the N 2 hydrazinoaryl and N 2 azoaryl dG adducts. [18, 19] Here, we report on a highly efficient synthesis of these C8 adducts using palladium catalyzed cross coupling chemistry, an improved synthesis of the 3' phosphoramidites, and their use in solid phase DNA synthesis to give site specifically modified oligonucleotides of mixed sequences containing several dGs or dAs. The effect of these modifications in re lation to the restriction of a damaged DNA duplex by EcoRI is investigated. Moreover, the site specific incorpora tion of C8 arylamine damaged phosphoramidites into 30 mer oligonucleotides for DNA polymerase studies is re ported for the first time.
Results and Discussion
Synthesis of the C8 adducts of monocyclic arylamines: The synthesis of C8 arylamine dG adducts by simple electrophil ic amination has been reported to give only low yields. [20, 21] Thus, this approach is not suitable as the key reaction for the synthesis of phosphoramidites. [8, 9] Attempts to optimize the electrophilic amination used in these biomimetic reac tions failed in our hands (unpublished data). Also, the use of nucleophilic substitution as reported for C8 Br (ribo)gua nosine was unsuccessful because extensive depurination was observed when fully protected 8 Br 2' deoxyguanosine was treated with arylamines. [22] C8 N bond formation was first reported by Lakshman [23] and Johnson [24] in the synthesis of N 6 aryl adducts of adenosine and N 2 aryl dG adducts of gua nosine using palladium catalysts (Buchwald Hartwig reac tion).
[25] Schoffers prepared C8 arylamine adducts of tris O TBDMS (ribo)adenosine using the same reaction. [26] How ever, these compounds were never converted into their phosphoramidites. In 2004, Rizzo et al. published the synthe sis of 2' dG phosphoramidites containing a heterocyclic food mutagen (IQ) in the C8 position. [12] Their approach required the use of strong bases such as LiHMDS or NaOtBu and/or their protecting group chemistry was incompatible with the conditions of automated oligonucleotide synthesis. In 2006, we published the synthesis and site specific incorporation of C8 arylamine modified 2' deoxyguanosine phosphoramidites into oligonucleotides. [16] In that work, the exocyclic amino function of dG was protected using the isobutyryl group, which is a standard protecting group in oligonucleotide syn thesis. A drawback of this group is the long reaction time needed for the deprotection after the synthesis using ammo nia solution (8 h at 55 8C). Nevertheless, oligonucleotides in corporating the adducts were successfully isolated. Also, the first primer template extensions using standing start as well as standing start + 1 conditions were accomplished. Howev er, in these studies, no difference in primer extension was observed between borderline and strong carcinogens. [27] Due to the fact that C8 arylamine damaged oligonucleo tides are base labile, there was a pressing need to reduce the time required for N 2 deprotection. In this context, we re ported on the synthesis and incorporation of C8 arylamine modified 2' dG phosphoramidites using formamidine as the protecting group for the exocyclic amino function. [28] Using this strategy, which allows for milder deprotection, the de protection was completed after 4 h at 40 8C instead of 8 h at 55 8C, and the yield of modified oligonucleotides was four to fivefold higher as compared to that with the isobutyryl strategy.
For the synthesis of the formamidine protected C8 aryl amine 2' dG phosphoramidites 16, palladium catalyzed cross coupling was again used as the key step. The O 6 posi tion of guanine as well as the hydroxyl groups of the glycon need to be blocked during the reaction. The fully protected dG derivative was synthesized as described previously. [16] However, protection of the exocyclic amino group of dG was not necessary for the Buchwald Hartwig reaction, which was carried out starting from intermediate 11 under previously published conditions (Scheme 2). [15] The coupling proceeded smoothly to give the C8 arylamine adducts 12 a f in yields of 65 92 %. The C8 arylamine adducts 12 a f were converted into the corresponding phosphoramidites as sum marized in Scheme 2. The O 6 position was deblocked using Pd/H 2 and the hydroxyl groups were desilylated using tri ethylamine trihydrofluoride to give the unprotected inter mediates. The formamidine group was introduced using di methylformamide diethyl acetal to give 14 a f. These com pounds were 5' O dimethoxytritylated in yields of 78 84 % and further converted into the 5' O DMTr 3' O phosphor amidites 16 a f (57 88 % yields). No side reaction at the N 8 atom took place, neither during the introduction of the DMTr group nor in the course of the phosphoramidite reac tion.
In the case of 2' deoxyadenosine, nothing was known about the synthesis of C8 adducts with aromatic amines prior to our recent report on the synthesis of C8 arylamine modified 2' dA adducts. Moreover, we proved that the ad ducts could be converted into the phosphoramidites and they were successfully site specifically incorporated into a DNA sequence. [17] In contrast to the preparation of the dG C8 adducts, we selected the Markiewicz (TIPDS) protecting group instead of the tert butyldimethylsilyl group for the protection of the 3' and 5' hydroxyl moieties of 2' dA. This was necessary because of incomplete cleavage of the tert bu tyldimethylsilyl ethers from the N 6 benzoyl protected C8 substituted 2' dA adducts. Neither with tetrabutylammoni um fluoride nor with triethylamine trihydrofluoride as de protecting reagent could a satisfactory deprotection be real ized. Interestingly, the desilylation proceeded in nearly quantitative yield after the Buchwald Hartwig coupling when the exocyclic N 6 amino function was still unprotected. Since this first report in 2006, improvements have been ach ieved using morpholine for the selective debenzoylation of the N 6 amino position instead of a mixture of aqueous am monia, water, and pyridine. [29] The commonly used tech nique with sodium methanolate failed in our hands. A modi fication of the reaction conditions was also necessary for the 5' dimethoxytritylation because the originally used method showed only poor regioselectivity and required long reaction times (Scheme 3).
As a consequence, a considerable amount of the 3',5' bis dimethoxytritylated product was detected while there was still starting material present. This problem was reduced by the addition of one equivalent each of silver nitrate and sym collidine to accelerate the reaction, which led to a con siderable improvement in the yield of the 5' DMTr protect ed compound. [30] To improve the yield of the cross coupling, several com monly used ligands were studied. Thus, Buchwalds ligand, [31] PEPPSI iPr, [32] benzyldi 1 adamantylphosphine, [33] and Xantphos [34] were used, as well as rac BINAP (Figure 2) .
The Buchwald ligand generated the desired product only in moderate yield and with low purity. Use of the PEPPSI iPr ligand resulted in an undefined product, while the ben zyldi 1 adamantylphosphine showed no reaction at all. Xantphos and rac BINAP proved to be the most appropri ate ligands for the cross coupling with aromatic amines. To obtain very good to excellent yields with these two ligands, it is necessary to pre react the catalyst and ligand for 1 h prior to addition of the nucleoside, amine, and base. This pre reaction procedure increased the yield from about 70 % to over 90 % (Table 1) .
Site-specific synthesis of oligonucleotides containing C8-adducts of different arylamines: Compounds 16 a f and 22 a,b, which are readily soluble in acetonitrile, were employed in oligonucleotide synthesis using a modified coupling protocol with three coupling steps for the C8 adducts. In this way, we synthesized a site specifically modified 12mer oligonucleo tide including the NarI sequence 23 a f (Table 2) . Addition ally, we prepared 30 mer oligonucleotides 24 a j (Table 3) needed for DNA polymerase assays and 12 mer oligonucleo tides 25 a q for an EcoRI assay (Table 4) .
In the automated DNA synthesis, we used commercially available protected phosphoramidites for the regular nucleo sides. For the incorporation of the adducts, the C8 modified dG and dA phosphoramidites were dissolved in acetonitrile (0.1 m solution) and the coupling step was repeated three times with a total coupling ef ficiency of 60 70 % for the modified 2' deoxyguanosine and a coupling efficiency of > 98 % for the modified 2' de oxyadenosine phosphorami dites. The basic deprotection step was completed within 4 h at 45 8C according to Johnson et al. by adding ethane thiol. [35, 36] They observed that the C8 aminofluorene adduct undergoes an oxidative rear rangement in the presence of strong bases and oxygen, anal ogous to that observed for 8 oxo 2' dG. The addition of ethanethiol to the degassed ammonium hydroxide prevents the oxidative side reaction during the final deprotection. The deprotected oligonucleo tides were purified by re versed phase HPLC and char acterized by ESI mass spec trometry.
Melting temperature (T m ) and circular dichroism studies: In the past, dG adducts were in corporated in the middle of a homo(T) 14 sequence and hybridization experiments were conducted. [16] For comparison, the unmodified (T) 7 (dG)(T) 7 was hybridized to (dA) 7 (X)(dA) 7 (X = dC, T, dA, dG). A mismatch within the hybrid caused a decrease of the T m value of about 10 8C (T m % 28.5 8C). Incorporation of a dG* adduct into the homo(T) sequence led to a reduction of 5 8C in the case of the matched (dA) 7 (dC)(dA) 7 strand, irrespec tive of the arylamine modification. Hybridization of the mis matched (dA) 7 (X)(dA) 7 strand with the modified strand led to the same thermal stability as in the case of the mis matched duplex and no stabilization from a possible Hoogs teen base pairing was observed (T m % 27.5 8C). [16] For the present investigations, all oligonucleotides were hybridized to complementary strands and the effect of the C8 arylamine adduct on the thermal stability of the DNA Table 2 .
For C8 anisidine damaged dG oligonucleotide 23 b, a de crease of 7 8C was observed compared to the T m value of the unmodified NarI oligonucleotide 23 a (T m = 58 8C). Inter estingly, for the oligonucleotide bearing the abp lesion 23 c, a dramatic decrease in thermal stability was observed (T m = 40 8C). Thus, the second aromatic ring of the abp lesion has a significant effect on the duplex stability. However, the sit uation was different in the case of the mutated NarI sequen ces 23 e and 23 f bearing a damaged dA nucleoside. As com pared with the unmodified reference oligonucleotide 23 d, both lesions caused a similar destabilization of about 8 8C (Table 2) . Here, the strong carcinogen abp clearly did not cause a further decrease in stability as in the case of the dG adducts.
The data collected for the 30 mer oligonucleotides 24 a j are summarized in Table 3 . For the C8 arylamine 2' dG oli gonucleotides modified with borderline carcinogens 24 b d, no effect on the T m value was observed with respect to the unmodified oligonucleotide 24 a (62 8C). In contrast, the oli gonucleotides damaged by strong arylamine carcinogens (24 e g) showed a decrease in thermal stability (59 8C). This decrease is certainly higher than the experimental error of AE 0.5 8C. Astonishingly, the oligonucleotides modified with different monocyclic aromatic amines always showed the same thermal stability as compared to the non damaged ref erence strands 24 a and 24 h. Similar trends were observed for C8 arylamine 2' dA oli gonucleotides 24 i,j. For the p anisidine modified oligonu cleotide 24 i, an identical T m value was measured as for the unmodified oligonucleotide 24 h (59 8C), whereas the oligo nucleotide modified with 4 aminobiphenyl 24 j showed a de crease of the T m value (57 8C).
Thus, oligonucleotides modified by strong carcinogens consistently showed a 2 3 8C reduction in T m compared to the reference. The conformational distortion as a result of C8 dG or C8 dA damage of the DNA double helix caused by a borderline or a strong carcinogen is therefore signifi cantly different and is in the range of the hybridization con tribution of one G C or one A T base pair, respectively.
For the self complementary 12 mer oligonucleotides of the EcoRI sequence, the effect on the T m values was much more pronounced (Table 4) . This was expected because in the duplexes formed in this case one adduct occurs in each strand.
A decrease in the thermal stabilities of the dG adduct bearing oligonucleotides 25 b g (T m values decreased by 13 18 8C) compared to reference oligonucleotide 25 a (T m = 42 8C) was observed. Here, no significant difference between the oligonucleotides damaged by monocyclic aromatic amines and those damaged by a polycyclic aromatic amine was measured. In contrast, a significant difference in the in fluences on thermal stability can be observed for the oligo nucleotides 25 h,i. Here, the monocyclic DNA damage leads to a decrease of 7 8C to a T m of 35 8C, whereas the polycyclic DNA damage has a bigger in fluence leading to a T m of 30 8C.
In the case of the dA modi fied oligonucleotides, there is no such strong influence on the T m value. The oligonucleotides modified with p anisidine 25 j,l,n,p showed only a 5 14 8C decrease in the T m value com pared to that of the unmodi fied oligonucleotide 25 a. Surprisingly, the influence on the thermal stabilities of the oligonucleotides modified with the strong carcinogen 4 aminobiphenyl 25 k,m,o,q was lower than that for the monocyclic aromatic amines. Here, a de crease of 3 12 8C could be observed. For the oligonucleotide 25 m, the T m value was found to be identical to that of the non damaged oligonucleotide 25 a.
In addition, the circular dichroism (CD) spectra of all of the synthesized oligonucleotides as hybrids with the comple mentary strand were measured. CD spectra were recorded to prove the overall conformation of the adduct modified DNA hybrids. For the NarI sequence 23 a f, no difference between the unmodified oligonucleotide and those bearing lesions of dG and dA could be observed and all showed typ ical spectra of a B type DNA conformation (see Supporting Information).
The same result was obtained for the 2' dA damaged oli gonucleotides 24 i and 24 j and the unmodified strand 24 h ( Figure 3 ). Again, the three oligonucleotides are predomi nantly in a B type DNA conformation. Thus, no conforma tional difference was observed between oligonucleotides modified with a borderline or a strong carcinogen.
Moreover, all of the 30 mer oligonucleotide duplexes modified at 2' dG show the same characteristics, a maximum at 280 290 nm and a minimum at 240 250 nm without signif icant changes in intensity (see the Supporting Information). These features indicate that all of the 30 mer oligonucleo tides are in a B type DNA conformation. The shifts of the maxima in the CD spectra of the modified oligonucleotides 24 e,f to higher wavelength (6 and 9 nm, respectively) are caused by the (partly) conjugated aromatic systems.
An analogous study was performed with the EcoRI se quences. Again, all of the modified 12 mer oligonucleotides 25 b q exhibited the same overall conformation (see Sup porting Information).
EcoRI restriction assay:
To investigate the effect on enzy matic cleavage of arylamine modified oligonucleotides 25 by an endonuclease, the EcoRI restriction assay was chosen. EcoRI cleaved the self complementary, undamaged 12 mer oligonucleotide 25 a into a 4 mer (GTAG) and an 8 mer strand (AATTCTAC). It is known that EcoRI cleaves both strands of a DNA double helix between dG 4 and dA 5 . For the reference oligonucleotide 25 a, a half life of 2.5 h using 270 units of enzyme in a DTT buffer at 20 8C was deter mined (Figure 4 ). The half life was calculated as described previously. [37] Performing the cleavage assay using the arylamine modi fied oligonucleotides 25 b g and 25 l o under the same ex perimental conditions, no cleavage of any of the oligonucle otides could be detected. Even after incubation for 76 h, the modified double strands were not digested ( Figure 5 ). Thus, the arylamine damage of either dA or dG within the cleav age site evidently causes a conformational distortion in such a way that the enzyme is unable to bind and/or to cleave the DNA double strand.
A modification by a mono or polycyclic aromatic amine away from the recognition site generally leads to an increase in the half life for the restriction assay. For polycyclic DNA damage of dG 1 , a half life of 4.5 h was calculated. Surpris ingly, a monocyclic modification has a more pronounced effect, leading to a longer half life (6.3 h). A similar effect can be observed for modification at dA 3 (see Table 5 ). Here again, the monocyclic arylamine modification clearly results in a greater structural change, which could be a reason for a weaker binding of the enzyme or inferior recognition of the acquired palindromic hexamer (see the example in Figure 6 ).
Primer extension assay: As investigations of other DNA ad ducts have shown, covalent DNA modifications significantly hamper the selectivity and efficiency of lesion bypass syn thesis by replicative DNA polymerases, while other DNA polymerases are effective in performing DNA synthesis beyond the site of damage. [38] Thus, to gain some initial in sights, we investigated several DNA polymerases from dif ferent DNA polymerase families with regard to their effec tiveness in bypassing the C8 arylamine adducts studied here ( Figure 7 ).
We conducted experiments using a radioactively labeled primer template complex, which was designed in such a way that the modified nucleotide in the template strand codes for the first nucleotide after primer extension ( Figure 7 ). Single incorporations were examined in order to gain first insights into the impact of the modification on se lectivity, in addition to experiments employing all four dNTPs to study lesion bypass. First, we investigated the high fidelity Pyrococcus furiosus (Pfu) DNA polymerase (3'!5' exonuclease deficient mutant), [39 40] a replicative DNA polymerase belonging to sequence family B, the same as the human replicative DNA polymerases.
The investigated lesions significantly block the progress of DNA synthesis by this enzyme, as indicated by a strong pausing band after incorporation of only one nucleotide, even when all four dNTPs are present ( Figure 7B ). Interest ingly, the ability to misincorporate a nucleotide significantly depends on the chemical composition of the modification as well as the modified nucleobase. While predominately the canonical dC is incorporated opposite G(4 abp) and the Table 5 . Calculated half lives for the EcoR1 restriction assay for oligonu cleotides 25 a q. primer strand is extended by 60 %, G(anis) promotes misin corporation of dT and dA more efficiently, extending the primer by 60 % and 54 %, respectively (see the Supporting Information). On the other hand, incorporation opposite A(anis) is more selective and the most significant primer ex tension by 90 % was observed when the canonical dTTP was present. However, A(4 abp) promotes misinsertion of dA more significantly (78 %). Comparing A(anis) with G(anis), the latter seems to promote mismatch formation to a greater extent. In addition, we investigated the ability of the 3'!5' exonuclease proficient Pfu DNA polymerase to bypass the studied lesions (see the Supporting Information). Interest ingly, we found that this enzyme was only able to bypass the lesions in the case of G(anis), indicating the proofreading activity involved in the bypass process. Next, we investigated human DNA polymerase b (Fig  ure 7C ). Interestingly, this enzyme, a member of the DNA polymerase X family involved in DNA repair, [41] is able to bypass the lesions and predominantly inserts the canonical nucleotide opposite the lesion (see the Supporting Informa tion). When investigating single nucleotide insertion, it was apparent that both modifications render primer extension less efficient in most cases (47 63 %), as compared to reac tions employing the unmodified templates (80 83 %). How ever, the effects of nucleobase and composition of the modi fication have a lower impact on error formation when com pared to the family B Pfu DNA polymerase. Next, we stud ied Sulfolobus solfataricus P2 DNA polymerase IV (Dpo4), which often serves as a functional and structural model for Y family DNA polymerases ( Figure 7D) . [42 45] This enzyme is effective in bypassing these lesions, albeit with reduced effi ciency, as evidenced by a strong pausing band after nucleo tide insertion opposite the lesions when all four nucleotides are employed. Single nucleotide incorporation assays show that the canonical nucleotide is incorporated predominantly opposite the lesion, as has also been shown for other le sions. [44, 45] Only in the cases of the G(4 abp) and G(anis) modifications insertion of the non canonical dT was ob served to some extent (7 11 %).
Conclusion
We have presented detailed experimental procedures for the successful synthesis of C8 arylamine dG phosphoramidites as well as for their hitherto unknown dA counterparts. The amidites have been successfully site specifically incorporated into two different oligonucleotides. For both 30 mer oligonu cleotides and the self complementary 12 mers, the thermal stabilities of the damaged DNA strands showed a difference between the compounds modified by a monocyclic aromatic amine and those modified by 4 aminobiphenyl. Moreover, the adduct bearing oligonucleotides were found to be resist ant to digestion by EcoRI when these modifications were present within the recognition sequence of the EcoRI enzyme. An influence on the half life of this enzymatic di gestion was also found. Surprisingly, monocyclic DNA dam ages were found to have a stronger influence, leading to higher half lives in this restriction assay. We have shown that the effect of the damaged oligonucleotides on DNA polymerases very much depends on the respective DNA polymerase, the nucleobase, as well as the chemical nature of the adduct. Interestingly, the most significant potential for incorporating a non Watson Crick nucleotide was found when a high fidelity DNA polymerase promoted nucleotide insertion opposite the lesion. Investigations concerning the effect on repair enzymes of the different modified oligonu cleotides are currently in progress in our laboratories.
Experimental Section
General methods: All air or water sensitive reactions were performed in flame dried glassware under a nitrogen atmosphere. Commercial solvents and reagents were used without further purification with the following exceptions: 1,4 dioxane and 1,2 DME were distilled from potassium under nitrogen; pyridine, dichloromethane, and acetonitrile were distilled from calcium hydride under nitrogen. Water was purified on a Milli Q water system. NMR spectra are reported relative to the respective sol vent peaks ( 6 -Benzyl-8-bromo-3',5'-bis(tert-butyldimethylsilyl)-2'-deoxyguanosine (11) was prepared as described previously. [16] General procedure I for the C N bond formation of O 6 -benzyl-8-bromo-3',5'-bis(tert-butyldimethylsilyl)-2'-deoxyguanosine derivatives by Pd-catalyzed cross-coupling chemistry: A dried flask was purged with nitrogen and charged with bromide 11, K 3 PO 4 (1.5 equiv), tris(dibenzylideneaceto ne)dipalladium(0) ([Pd 2 dba 3 ]; 10 mol %), racemic 2,2' bis(diphenylphos phino) 1,1' binaphthyl (rac BINAP; 30 mol %), and the appropriate amine (2 equiv). Dry 1,2 DME (15 mL) was added and the mixture was stirred at 80 8C until the reaction was complete (TLC analysis). The mix ture was allowed to cool to room temperature, whereupon saturated sodium hydrogencarbonate solution (1 mL) was added. After the addi tion of brine (10 mL), the layers were separated and the aqueous layer was extracted with ethyl acetate (3 10 mL). The combined organic layers were washed with brine (2 10 mL) and finally with a mixture of brine (10 mL) and water (2 mL). The organic phase was then dried over sodium sulfate and the solvent was removed in vacuo. Purification by chromatography on silica gel, eluting with 10!30 % ethyl acetate in hex anes, gave the desired product. General procedure II for the debenzylation of O 6 -benzyl-8N-arylamino-3',5'-bis(tert-butyldimethylsilyl)-2'-deoxyguanosine derivatives: A dried flask was purged with nitrogen and then charged with the O 6 benzyl 8N arylamino 3',5' bis(tert butyldimethylsilyl) 2' deoxyguanosine derivative and Pd/C. Dry methanol was added and the reaction mixture was stirred under a hydrogen atmosphere at room temperature for 1 48 h. The reac tion mixture was centrifuged several times with methanol, filtered, and concentrated in vacuo to give the pure product. General procedure III for the desilylation and N 2 -formamidine protection of 8N-arylamino-3',5'-bis(tert-butyldimethylsilyl)-2'-deoxyguanosine derivatives: The 8N arylamino 3',5' bis(tert butyldimethylsilyl) 2' deoxy guanosine derivative was dissolved in dichloromethane/tetrahydrofuran 1:1 and triethylamine (10 equiv) and triethylamine trihydrofluoride (12.5 equiv) were added. The resulting mixture was stirred at room tem perature until the reaction was complete (TLC analysis). After the sol vent had been removed in vacuo, the residue was purified by chromatog raphy. The crude product, containing the deprotected adduct and triethyl ammonium salts, was subjected to co evaporation of the volatiles with pyridine and was then dissolved in dry pyridine. Dimethylformamide di ethyl acetal (2 equiv) was then added and the mixture was stirred at room temperature for 16 h. Thereafter, the solvent was removed in vacuo and the residue was purified by chromatography eluting with methanol (0!30 %) in dichloromethane. General procedure IV for the 5'-O-dimethoxytritylation of N 2 -formamidino-8N-arylamino-2'-deoxyguanosine derivatives: The N 2 formamidino 8N arylamino 2' deoxyguanosine derivative was twice subjected to co evaporation of the volatiles with pyridine and then dissolved in dry pyri dine. Dimethoxytrityl chloride (2 equiv) was then added and the resulting mixture was stirred at room temperature until the reaction was complete (TLC analysis). The reaction was stopped by adding saturated aqueous NaHCO 3 solution. The layers were separated and the aqueous layer was extracted three times with CH 2 Cl 2 . The combined organic layers were dried over sodium sulfate and the solvent was removed in vacuo. Purifi cation of the residue by chromatography on silica gel eluting with metha nol (0!10 %) in dichloromethane furnished the desired product. 153.7, 153.4, 146.7, 146.3, 143.6, 128.4, 128.3, 128.2, 128.1, 128.0,  127.8, 127.1, 126.5, 126.4, 126.2, 126.1, 125.1, 119.1, 115.7, 115.4, 111.8 32 (s, 1 H), 8.79 (s, 1 H), 8.25 (s, 1 H) 59 (m, 1 H), 3.96 3.91 (m, 1 H), 3.88 (s, 2 H), 3.69 3.67 (m, 8 H), 3.22  3.18 (m, 1 H), 3.00 (s, 3 H), 2.98 (s, 3 H) General procedure V for the phosphitylation of N 2 -formamidino-8N-arylamino-5'-O-dimethoxytrityl-2'-deoxyguanosine derivatives: The N 2 form amidino 8N arylamino 2' deoxyguanosine derivative was twice subjected to co evaporation of the volatiles with dry acetonitrile and then dissolved in a mixture of anhydrous acetonitrile and dry dichloromethane (1:1). A 0.25 m solution of dicyanoimidazole in anhydrous acetonitrile (1 equiv) and bis N,N' diisopropylamino (2 cyanoethyl)phosphite (1.5 equiv) were added. The resulting mixture was stirred at room temperature until the starting material could no longer be detected (TLC analysis). The reac tion was then stopped by adding saturated aqueous NaHCO 3 solution. The layers were separated and the aqueous layer was extracted three times with CH 2 Cl 2 . The combined organic layers were dried over sodium sulfate and the solvent was removed in vacuo. Purification of the residue by chromatography on alumina furnished the desired product, which was obtained as a fine powder after lyophilization from benzene. 8-Bromo-2'-deoxyadenosine (17) was prepared as described previously. [46] 8-Bromo-3',5'-O-tetrakisisopropyldisiloxanediyl-2'-deoxyadenosine (18) (1.5 equiv) were dissolved in anhydrous 1,2 dimethoxyethane (50 mL) and the mixture was stirred under reflux until the reaction was complete (30 48 h). The reaction mixture was allowed to cool to room tempera ture, whereupon saturated sodium hydrogencarbonate solution (1 mL) was added. After the addition of brine (10 mL), the layers were separat ed and the aqueous layer was extracted with ethyl acetate (3 10 mL). The combined organic layers were washed with brine (2 10 mL) and with a mixture of brine (10 mL) and water (2 mL). The organic layer was dried over sodium sulfate and the solvent was removed in vacuo. Purifi cation of the residue by flash chromatography on silica gel, eluting with 0!50 % ethyl acetate in hexane, gave the desired product. General procedure VII for the N 6 -benzoylation and 3',5'-desilylation of C8-arylamine-dA adducts (20 a,b): The 3',5' O silyl protected C8 aryl amine modified dA derivative 19 a,b was dissolved in anhydrous pyridine (30 mL) under an atmosphere of nitrogen and distilled benzoyl chloride (1.5 equiv) was added. The reaction mixture was stirred for 2 h at room temperature. It was then diluted with dichloromethane (200 mL) and washed with saturated sodium hydrogencarbonate solution, and the aque ous layer was extracted twice with dichloromethane. After removal of the dichloromethane in vacuo, morpholine (2.5 equiv) was added and the resulting mixture was stirred at room temperature for a further 2 h. The reaction mixture was again diluted with dichloromethane (200 mL) and then washed twice with 0.5 m sodium dihydrogenphosphate solution. The aqueous layer was extracted three times with dichloromethane. After complete removal of the dichloromethane in vacuo, the residue was dis solved in tetrahydrofuran and tetrabutylammonium fluoride (2.5 equiv) was added. After complete desilylation, the solvent was removed in vacuo and the residue was purified by flash chromatography on silica gel, eluting with dichloromethane containing 10 % methanol, to yield the product. General procedure VIII for the 5'-O-dimethoxytritylation of N 6 -benzoylated C8-arylamine-dA adducts (21 a,b): The N 6 benzoylated C8 aryl amine dA adduct (20 a,b) was dissolved in anhydrous pyridine (30 mL) under a nitrogen atmosphere and 4,4' dimethoxytrityl chloride (1.2 equiv) and silver nitrate (1.2 equiv) were added. The mixture was stirred at room temperature until the reaction was complete ( % 3 h). It was then diluted with dichloromethane (200 mL) and washed with satu rated sodium hydrogencarbonate solution and brine. The aqueous layer was extracted twice with dichloromethane. The organic layers were com bined, dried over sodium sulfate, and filtered, and the solvent was re moved in vacuo. The residue was purified by flash chromatography on silica gel eluting with 0!10 % methanol in dichloromethane to afford the desired product. 
8N-(
, 1 H), 8.35 (s, 1 H), 7.45 (dd, J = 7.6 Hz, 2 H), 7.23 (dd, J = 8.5 Hz, 2 H), 6.87 (dd, J = 7.3, 7.3 Hz, 1 H), 6.22 (dd, J = 7.1 Hz, 1 H), 6.19 (s, 2 H), 4.53 (ddd, J = 3.1, 3.1, 6.2 Hz, 1 H), 3.84 3.78 (m, 2 H), 3.71 (ddd, J = 8.2, 8.2, 8.1 Hz, 1 H), 3.23 3.16 (m, 1 H), 2.18 2.14 (m, 1 H), 0.88 (s, 9 H), 0.83 (s, 9 H), 0.10 (s, 6 H), 0.00 ppm (s, 6N 2 -Formamidino-8N-(phenylamino)-2'-deoxyguanosineN 2 -Formamidino-8N-(phenylamino)-5'-O-dimethoxytrityl-2'-deoxyguanoN 2 -Formamidino-8N-(phenylamino)-5'-O-dimethoxytrityl-2'-deoxyguano- sin-3'-yl-b-cyanoethyl-N,N'-diisopropylphosphoramiditeN 2 -Formamidino-8N-(4-methoxyphenylamino)-5'-O-dimethoxytrityl-2'- deoxyguanosin-3'-yl-b-cyanoethyl-N,N'-diisopropylphosphoramiditeN 2 -Formamidino-8N-(3,5-dimethylphenylamino)-5'-O-dimethoxytrityl-2'- deoxyguanosin-3'-yl-b-cyanoethyl-N,N'-diisopropylphosphoramidite (16 d): GP VN 2 -Formamidino-8N-(2-aminofluorenyl)-5'-O-dimethoxytrityl-2'-deoxy- guanosin-3'-yl-b-cyanoethyl-N,N'-diisopropylphosphoramidite (16 f8N-(4-Methoxyphenylamino)-3',5'-O-(1,1,3,3-tetrakis(isopropyl)-1,3-disi- loxanediyl)-2'-deoxyadenosine
